In the challenge presented today we are looking for the structure of one of the major floral scents in nature. The small biochemical compound is found in essential oils of over 200 plant species growing around the world from tropical areas up to boreal regions. In particular, many plants produce this substance in significant amounts and it can contribute up to 90 % of the essential oils of these plants. The trivial name, given at the end of the 19th century, was derived from the botanical name of the plant from which it was first isolated, an often used practice in the case of natural compounds. The analytical methods at that time were labour-intensive and this becomes apparent from the 1912 study of cocoa aroma [1] .
Here, our substance was identified among the main volatile constituents in an extract prepared from 2 t of roasted cocoa beans. Today, in addition to natural sources, this substance is obtained from total organic synthesis and by synthesis from other natural precursors. Often used as an ingredient in fragrances, it can also be found in most cosmetic products, detergents, insecticides, furniture waxes, even in foods and beverages. Overall, the annual worldwide consumption of this substance exceeds 1,000 t. Owing to its chiral properties, two enantiomers of this substance occur in nature each having a distinct scent. Of the two enantiomers, one is named after a well-known herb whose seeds are used as a spice. The earliest known form of the name of this herb is from Mycenaean Greek and is similar to the name of the Greek goddess Ariadne. Ariadne is known for her help to Theseus who had to kill the Minotaur living in a labyrinth. She gave him a ball of thread to navigate the labyrinth and then safely retrace his path out of it. In this vein, the "thread of Ariadne" refers to a central guiding idea, whether physical or conceptual, used to solve a maze or a logic puzzle. Thus, Ariadne's thread can be the guide line used for cave diving, or a logical backtracking algorithm for solving Sudoku puzzles. The approach in structural analysis using spectroscopy methods is often similar to solving a puzzle and an "Ariadne's thread" is most welcome here.
The challenge
The Incredible Natural Abundance Double Quantum Transfer Experiment, which receives the acronym INADEQUATE, is the ultimate form of structure elucidation of organic substances in solution. In this two-dimensional nuclear magnetic resonance experiment all carbon-carbon connectivities can be obtained and the carbon skeleton of the molecule can therefore be established unequivocally. So, the INADEQUATE spectrum shows which carbon atoms are attached to each other in a molecule. If we know from a DEPT spectrum what type of carbon it is (quaternary carbon, CH, CH 2 or CH 3 ), we can almost write down the entire skeleton structure from these two NMR experiments. The main drawback of this most useful method is its very poor sensitivity. Sadly, the 13 C-
13
C coupling constants are difficult to determine at the 1.1 % natural abundance of carbon-13 isotopes because only every 10.000th molecule (0.011×0.011) contains the necessary two 13 C nuclei and the experiment that provides the best structural information is also the least sensitive of all the common NMR experiments. This drawback may only be compensated for by a highly concentrated solution of the sample and by abnormally long measurement times (up to a few days) using a direct detection probe. In this challenge the usual one-dimensional 1 H-NMR (Fig. 1) , 13 C-NMR and 135-DEPT spectra (Fig. 2) , and the 2D-1 2 3 4 5 6 7 8 9 10 HSQC spectrum (Fig. 3) are given to show the connectivity between the hydrogen and carbon atoms in the substance. The 2D-INADEQUATE spectrum of the unknown substance is given in Fig. 4 . While the carbon-carbon connectivity is traced out in the INADEQUATE spectrum like a "COSY for carbon atoms", the spectrum shows no diagonal symmetry unlike the H,H-COSY spectrum. As usual, in the f2 dimension (horizontal axis) the regular carbon chemical shift is shown. On the other hand, in the f1 dimension (vertical axis) the double quantum frequency is shown, which is the sum of the frequencies of the two carbon atoms being connected. Figure 4 shows the 2D-INADEQUATE spectrum, measured on a 500 MHz spectrometer for about 23 h. Each pair of connected 13 C nuclei forms a spin system which is found in the same row of the spectrum. If a carbon atom is connected to more than one other carbon atom, the corresponding cross peaks are found at the same chemical shift f2, but at different double quantum frequency f1. Now, the carbon skeleton can be readily obtained by a criss-cross progression through the spectrum to string the carbon signals together much like using the Ariadne's thread. This is illustrated in Fig. 4 by dashed subsidiary lines and circles. Start with a terminal structural group like a =CH 2 group, advantageously. The given numbering of the carbon atoms was carried out here in order of 13 C chemical shift values beginning with the least shielded signal at 145 ppm, independently from their sequencing in the chemical structure.
Last but not least, the electron impact mass spectrum is given in Fig. 5 .
Can you identify the substance in question?
